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Abstract
In this study we want to find out whether a new technique we are
developing, Temperature-Cycle EPR, is convenient to follow
chemical reactions with Electron Paramagnetic Resonance. In this
technique we apply infrared laser pulses for a controlled time to
the sample that warms up to a temperature at which it can react
for a controlled time. We test this technique with three reactions,
which we can follow with UV-Vis spectroscopy too as a reference.
We conclude that the Temperature-Cycle technique works since
we are able to follow reaction kinetics.
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Chapter1
Introduction
Understanding the kinetics of chemical reactions is important. Most re-
actions do not take place in one step, but in several steps. In these steps
some short-lived species can be present. Short-lived species, also called
intermediates, are species that are not present in the beginning and at the
end of a reaction, but they are formed during the reaction. By considering
a general reaction scheme A → B → C, A reacts via intermediate B to
the product C. At the end of the reaction, species A and B are no longer
present, only species C is. We want to follow the kinetics of a reaction and
we want to determine intermediates. This is helpful because if one knows
the steps in a chemical reaction and the intermediates, one understands
the mechanism of the reaction. We will give two examples for which it
is important to know what the intermediates are. First, we consider the
degradation of polymers by atmospheric oxygen [1] or UV light [2]. The
double C-C bond can break into a single C-C bond with the formation of
free radicals, in a process called homolysis. This way the long chain of
the polymer is cut into smaller chains, which changes the properties of the
polymer. By recognizing the radicals formed by homolysis, some addi-
tives can be added to prevent homolysis. Secondly, we consider the action
of vitamin E [3], which is an antioxidant. In biochemical reactions, radi-
cals can exist as intermediates. Since in a biochemical environment several
reactions take place at the same time, it can happen that some radicals in-
terfere with another reaction, which can damage cellular components like
carbohydrates, lipids, nucleic acids and proteins. Vitamin E will scavenge
this radicals, so they cannot cause damage anymore.
The goal of the project is to find out whether a new technique we are
developing, Temperature-Cycle EPR, is suitable to study chemical reac-
tions with Electron Paramagnetic Resonance (EPR). A current method to
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8 Introduction
Figure 1.1: Setup of the Rapid Freeze-Quench technique [4]. Reactants A and B
go into the syringes on the left and are combined in the mixing chamber (H). In
the reaction tube (K) they react for a short controlled time. Eventually the fluid is
sprayed into a cold liquid such that it freezes and the reaction stops.
follow reactions in EPR is based on Rapid Freeze-Quench [4]. However,
this technique has some disadvantages in EPR. Therefore, we are devel-
oping a new technique, Temperature-Cycle EPR, and in this study we will
investigate if this technique is suitable for simple reactions. We also fol-
lowed the reactions with UV-Vis spectroscopy, since the species we use for
our reactions absorb UV-Visible light, in order to compare this with the
kinetics obtained by the Temperature-Cycle technique in EPR.
Rapid Freeze-Quench was developed by Bray in 1961 [4]. Figure 1.1
shows how this technique works. The syringes on the left contain reactants
A and B, which are combined in the mixing chamber (H) where they mix
efficiently. After reacting in the reaction tube (K), the mixture is sprayed
into a cold liquid. The mixture freezes and the reaction stops. One can put
this frozen sample in an EPR spectrometer and measure its spectrum. The
reaction time can be controlled by changing the length of the reaction tube.
To follow the kinetics of a reaction, one changes the length of the reaction
tube. In this way the reaction is stopped at a different time. By repeat-
ing this technique for different lengths, the reaction is stopped at several
times and the kinetics can be followed by measuring in an EPR spectrom-
eter the differences of the spectra from the sample. Figure 1.2 shows an
example of the kinetics of an intermediate, obtained by the Rapid Freeze-
Quench technique. An analytic curve in the steady-state approximation of
the reaction A → B → C is given. This approximation assumes that the
variation in the concentration of the intermediate is almost zero. In this
example it is assumed that rate constants of the two reaction steps, k1 and
k2, are equal and are given by k.
An advantage of the Rapid Freeze-Quench technique is that it has a
high time resolution, down to 5 ms. A disadvantage of the Rapid Freeze-
Quench technique is that for every point in time a new sample is needed.
This is not ideal because this requires a lot of material, which can be expen-
sive or inconvenient in cases where very little sample is available, e.g. for
certain proteins. Also, it is difficult to pack a Freeze-Quench sample into
8
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9Figure 1.2: Kinetic trace of an intermediate obtained by the Rapid Freeze-Quench
technique. The reaction time can be varied by changing the length of the reaction
tube. Note that to every time point corresponds a new sample with a different
reaction time. In this figure the curve of an intermediate is given. This is an
analytic curve of an intermediate in the steady-state approximation. Both rate
constants are assumed to be equal. The formula of the curve is: [B] = [A0] kt e−kt
where [A0] is the concentration of A at t = 0 and the value of k is 0.05 s−1
capillaries for high-frequency EPR. The resonant cavity in high-frequency
EPR is small and, in the case of 275 GHz, the capillary has an inner di-
ameter of 150 µm. Furthermore, preparing a new sample for every point
in time gives a low reproducibility since not every sample is exactly the
same.
In summary, the Rapid Freeze-Quench technique is not ideal to follow
the kinetics of a reaction in EPR because for every time point a new sample
has to be prepared. Therefore we are developing a new technique, which
we call Temperature-Cycle EPR, with which it is easier to follow a reaction
in EPR.
Temperature-Cycle EPR is based on raising the temperature of the sam-
ple by laser radiation up to a certain reaction temperature. By sending
laser pulses to the sample, the temperature increases for a controlled time.
We measure the spectrum of the sample, which is put in an EPR spec-
trometer at the measurement temperature, which is set by a cryostat. At
this temperature no reaction takes place. From this temperature we warm
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up the cryostat to a certain temperature from which we can reach the re-
action temperature by the laser. At this temperature, which we call the
preparation temperature, there is still no reaction. At the preparation tem-
perature, the sample is irradiated by a laser pulse, whereby it warms up
to the reaction temperature. At the reaction temperature the sample melts
and the reaction can continue. For our experiments we use a 1550 nm
laser, at which wavelength water has a strong absorption band. In this
way we can reach high temperature differences. When a molecule is ir-
radiated by a laser pulse, it absorbs the laser power and therefore gets
vibrationally excited. Eventually the molecule relaxes and releases energy
as heat, through which the sample warms up. During the laser pulse, there
is an equilibrium between the temperature the laser pulse reaches and the
temperature of the cryostat. After a controlled time the laser is switched
off and the temperature goes back to the preparation temperature since the
sample is in a cryostat. From this temperature one cools down the cryostat
to the measurement temperature, at which the spectrum can be measured.
These steps are also shown in Figure 1.3.
Figure 1.3: Scheme of the Temperature-Cycle technique. First we go to the mea-
surement temperature, then we warm up the sample to the preparation temper-
ature. At the preparation temperature the reaction is still frozen and from this
temperature the reaction temperature can be reached by applying a laser pulse.
After a controlled time the laser is turned off and one can go back to the measure-
ment temperature and measure the changed EPR signal.
One can easily follow the kinetics of a reaction by repeating these steps
several times, in a cycle, which explains the name of our new technique,
Temperature-Cycle. In Figure 1.4, an analytic curve of the kinetics of an
10
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Figure 1.4: Kinetics of an intermediate obtained by the developing Temperature-
Cycle technique. The reaction time can be varied by the time the laser is on. Note
that in comparison to the Rapid Freeze-Quench technique only one sample is
needed to follow different time points. In this figure the curve of an intermediate
is given. This is an analytic curve of an intermediate in the steady-state approxi-
mation. Both rate constants are assumed to be equal. The formula of the curve is:
[B] = [A0] kt e−kt where [A0] is the concentration of A at t = 0 and the value of k
is 0.05
intermediate, obtained by Temperature-Cycle is given. This is the same
curve as in Figure 1.2, but now it is obtained by the Temperature-Cycle
technique. An advantage of this technique is that in order to follow the
complete reaction only one sample is needed. This would make the Tempe-
rature-Cycle technique work much better than Rapid Freeze-Quench.
In this study we test our Temperature-Cycle technique and we want to
find out whether it is convenient to follow chemical reactions in EPR. Sev-
eral aspects like reproducibility and flexibility have to be tested. There-
fore, we follow model reactions with well-known kinetics. We test the
technique for the reduction of copper sulfate (CuSO4) by syringic acid, the
reduction of manganese dioxide (MnO2) by oxalic acid and the reduction
of TEMPOL by ascorbic acid. These three reactions can be followed by
EPR as well as by UV-Vis spectroscopy. In this way we can compare the
Temperature-Cycle measurements with the UV-Vis kinetics. If the tech-
nique works, more interesting reactions, like the kinetics of enzymes, can
be studied in the future.
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Chapter2
Theory
In this chapter, we will explain what Electron Paramagnetic Resonance
(EPR) is and some of its parameters. In EPR we measure paramagnetic
species. Those are species with at least one unpaired electron, such as rad-
icals or transition-metal ions. First, we consider a single free electron with
spin 12 [5]. The electron has two different states, α and β, due to the spin
quantum number Ms, which equals ±12 . By applying an external mag-
netic field B, the energy states of a free electron split, because the spin of
the electron will interact with the magnetic field. This is called the Zeeman
Effect. A free electron has a magnetic moment, given by
µ = −geµBS (2.1)
The negative sign indicates that the magnetic moment is antiparallel to
the spin. ge is the Lande´ factor, which is equal to 2.0023 for a free electron.
µB is the Bohr magneton with a value of 9.2741 · 10−24 JT−1, S is the spin
angular momentum vector of the free electron. The energies of a spin state
are given by:
E = −µ · B (2.2)
If we define the magnetic field B in the z-direction, the scalar product from
Equation (2.2) simplifies and the Hamiltonian becomes
H = geµBSzB0 (2.3)
where B0 is the magnitude of B. Since Sz is the only operator on the right-
hand side of the equation, the eigenvalues of the Hamiltonian are multi-
ples of the eigenvalues of Sz,
E = geµBB0Ms (2.4)
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Since Ms is equal to ±12 , the energy states are given by Eα = +12gµBB0
and Eβ = −12gµBB0. An unpaired electron can go from one state to the
other by absorbing or emitting a photon, whose energy hν must match the
resonance condition. h is Planck’s constant and ν is the frequency.
∆E = hν = geµBB0 (2.5)
Microwave radiation induces transitions between the spin energy states.
What we measure in EPR is the absorption of the microwave power by
the sample. In Figure 2.1 is shown that the energy gap changes with the
magnetic field. In EPR the microwave frequency is kept constant and the
magnetic field is varied. Note that for a higher microwave frequency, a
higher magnetic field is needed.
Figure 2.1: Changing of the energy gap by the Zeeman Effect of a free electron
with spin 12 . In EPR the microwave frequency is kept constant and the magnetic
field is varied. X-band (microwave frequency is 9.5 GHz) is most common in EPR.
We do our experiments in high-frequency EPR where the microwave-frequency
is equal to 275 GHz (J-Band).
Most EPR spectrometers have a resonant cavity. A resonant cavity is
needed to maximize the absorption of the microwave radiation by the
sample. Therefore, we want the frequency of the microwaves to be in res-
onance with the cavity. We have a single mode cavity of the order of the
wavelength of the microwaves. For a higher frequency a smaller cavity is
needed, based on the formula
λ =
c
ν
(2.6)
where λ is the wavelength, c is the speed of the wave, equal to the speed
of light, and ν is the frequency of the microwaves. A smaller cavity results
14
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in a smaller sample capillary. For example, in X-band (9.5 GHz) cavities
contain a resonant volume of 200 µl while cavities in J-band (275 GHz)
contain 20 nl. The reason why we do our experiments in a 275 GHz EPR
spectrometer is that small samples warm up and cool down quicker and
more homogeneously than 9.5 GHz samples, which is important for our
new technique.
As mentioned before, in EPR we measure the absorption of the mi-
crowave power by the sample. Actually the g in Equation (2.5) is not a
scalar, but a tensor. For a free electron the g-tensor is isotropic, which
means that every direction in the tensor is the same. Therefore, in the
isotropic case the g-tensor can be seen as a scalar. In Figure 2.1 the energy
splitting of the isotropic case is given. At the field where a transition takes
place an absorption is detected at the same field. Figure 2.2 (a) shows the
absorption spectrum of the microwaves. To increase the sensitivity of the
spectrometer, the field is modulated, whereby the signal is modulated too.
Then the signal is demodulated and in combination with lock-in detection
the signal looks like the first derivative of the absorption spectrum. The
EPR signal is shown in Figure 2.2 (b).
(a) Absorption spectrum (b) EPR spectrum
Figure 2.2: Simulated spectra in EasySpin [6] of the absorption and EPR spectra
of a single free electron. At the field where a transition takes place an absorption
is detected. Due to field modulation in combination with lock-in detection, the
detected EPR signal looks like the first derivative of the absorption spectrum.
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However, in material free electrons do not exist. Therefore, the spectra
are more complicated than Figure 2.2. In the following EPR spectra, ideal
systems are simulated with EasySpin [6] for a clearer explanation.
We consider an example of a radical in the presence of a 14N nucleus,
which has a nuclear spin of 1 [7]. Not only the electron interacts with the
external magnetic field (electron Zeeman Effect), also the 14N nucleus does
(nuclear Zeeman Effect). The nuclear spin quantum number (MI) is equal
to +1, 0,−1, so the two energy states α and β will split each in three states
due to the nuclear Zeeman Effect. Furthermore, the energy levels change
because of the hyperfine interaction. The spin of the electron interacts
with the nuclear spin, therefore the energy levels change. Figure 2.3 shows
the splitting of the energy levels by the Zeeman Effect and the hyperfine
interaction. The Hamiltonian of this system is equal to:
H = geµBB0Sz − gNµNB0 Iz + hAIzSz (2.7)
Where gN is the nuclear g-factor and µN is the nuclear magneton, h is
Planck’s constant and A is the hyperfine coupling constant. Note that A is
also a tensor, like g, and in the isotropic case this is a scalar too. In terms
of energy, the energy levels are given by:
E = geµBB0Ms − gNµNB0MI + hAMsMI (2.8)
In general, for a nucleus with a spin, the energy states will split in 2I +
1 states, where I is the nuclear spin. Note that in the example of a 14N
nucleus, the nuclear Zeeman splitting is very small in comparison to the
Figure 2.3: Splitting of the energy states of a single electron by hyperfine split-
ting of 14N. The splitting consists of three parts: the electron Zeeman Effect, the
nuclear Zeeman Effect and the hyperfine splitting.
16
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Figure 2.4: Simulated spectra in EasySpin [6] of the unpaired electron of a nitrox-
ide; g and A are both isotropic
electron Zeeman splitting. For a 14N nucleus the value of gN (0.404) leads
to a nuclear Zeeman splitting of roughly 31 MHz in J-Band, where the
electron Zeeman splitting is 275 GHz. The EPR signal in Figure 2.2 (b)
changes because there are now several transitions instead of one. Since
we have a constant microwave frequency, the transitions take place at a
different field. The single peak splits in 2I + 1 peaks. In the example of a
14N nucleus, the peak splits up in three equally spaced peaks. Figure 2.4
shows the spectrum in the isotropic case of a radical with a 14N nucleus.
However, not every situation is isotropic, which means that the Lande´
g-factor and the hyperfine coupling constant A in Equation (2.8) are not
scalars but tensors. First, we consider the anisotropic situation of the g-
factor. Every direction has its own energy level and in Figure 2.5 the transi-
tions of the three principal axis of the tensor are shown. Since we keep the
microwave frequency constant, these transitions take place at a different
magnetic field. This splitting is called the g-anisotropy. The spin angular
Figure 2.5: Splitting of the energy states of an unpaired electron, with no hyper-
fine interaction, in the anisotropic situation
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18 Theory
momentum of the electron interacts with its orbital angular momentum,
which is called spin-orbit coupling. For a powder spectrum the absorp-
tion spectrum will have a certain field range (∆B) where all the transitions
take place, since in a powder the molecules are oriented randomly and
therefore have all possible orientations. In Figure 2.6 (a) the absorption
spectrum for an unpaired electron with no hyperfine interaction is shown.
In comparison to the absorption spectrum of Figure 2.2 (a), this absorption
spectrum looks different because we have a sum of all the molecules with
different orientations. The EPR spectrum looks like the derivative of the
absorption spectrum and therefore the single peak from Figure 2.2 (b) split
into three peaks, as shown in Figure 2.6 (b). In the situation of hyperfine
interaction with a 14N nucleus, every single peak splits into three peaks,
since I = 1 and every peak splits into 2I + 1 peaks. The distance between
the hyperfine peaks is determined by the eigenvalues of the hyperfine part
of the Hamiltonian in Equation (2.7), which is the last term. An important
parameter is the hyperfine coupling constant A. In the isotropic case, A
is a scalar so the distance between the hyperfine peaks is equal, which is
shown in Figure 2.6 (c). In the case of an anisotropic hyperfine interaction,
the peaks are not equally spaced, because A is now a tensor. In this exam-
ple, A is bigger in the z-direction than in x and y, therefore the splitting
in the gz-peak is bigger than in the gx- and gy-peak. Figure 2.6 (d) shows
this situation, where the values of A, in MHz, are given by {60, 60, 150}.
In one of the systems we measure, the case of the reduction of TEMPOL
by ascorbic acid, we have a nitroxide radical and we have g-anisotropy
and anisotropic hyperfine splitting. The values of A, in MHz, are actu-
ally {20, 20, 90}, therefore the hyperfine splitting is too small in gx and gy
to be resolved in J-band, since the linewidth is bigger than the hyperfine
splitting. Only the gz hyperfine is visible, which is shown in Figure 2.6 (e).
18
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(a) (b)
(c) (d)
(e)
Figure 2.6: Simulated spectra in EasySpin [6] of the anisotropic case without A
(a,b), with an isotropic A (c) and with an anisotropic A (d and e). In (a) the ab-
sorption spectrum of the anisotropic case with no hyperfine interaction is shown,
in (b) the EPR spectrum is. In (d) the values for A, in MHz, are {60, 60, 150} in
(e) the values of a nitroxide are used since one of our followed reactions contain a
nitroxide radical. The values for A, in MHz, are {20, 20, 90}. The hyperfine is too
small to be resolved in gx and gy, since the linewidth is bigger than the hyperfine.
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Chapter3
Methodology
In this chapter we will describe the devices we use for our measurements.
We explain the working and methodology of the UV-Vis spectrometer and
the home-built 275 GHz EPR spectrometer.
For the measurements with UV-Vis spectroscopy we use a Varian Cary
50 UV-VIS Spectrometer. We put our sample in a quartz cuvette of dimen-
sions 1 x 1 x 4 cm3. To make sure that our reactants mix efficiently during
the measurement, we use a stirrer. We can also set a precise temperature,
which we did at 22◦C. In Figure 3.1 the working of a UV-Vis device is
shown. Light with wavelengths from 250 nm to 800 nm are sent trough
the sample and the absorption spectrum is measured. We are interested
in reactions where an absorption peak changes as the reaction unfolds.
In our experiments, we are looking for a UV-Vis signal that changes over
time; this could be from the reactant (signal decreases) or from a product
(signal increases).
Figure 3.1: Scheme of the working of a UV-Vis spectrometer. Light with wave-
lengths from 250 nm to 800 nm are sent to the sample and the transmission per
wavelength is measured by the detector. This is converted to the absorption per
wavelength.
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In our measurements in EPR we use a home-built EPR spectrometer [8].
We send 275.7 GHz microwaves to the sample. As explained in the Theory
chapter, microwave radiation induces transitions between the spin energy
states. In EPR the absorption of the microwave power by the sample is
measured by the detector. The sample is placed into the cavity assembly
and the temperature of the sample can be set by a cryostat. The whole
insert can be cooled from 300 K to 4.5 K by the flow of cold helium gas.
The insert is placed in a magnet, which is a superconducting solenoid, and
can reach a maximum field of 14 T. In Figure 3.2 a sketch of the setup of
the J-Band device is given.
Figure 3.2: Adaptation of Figure 1 of ”A continuous-wave and pulsed electron
spin resonance spectrometer operating at 275GHz” by H. Blok [8]. Microwaves
are sent to the sample, which is in a resonator within a magnet. The microwaves
go to the detector, which measures the absorbed microwaves by the sample. The
modulation coil produces the field modulation and the corrugated waveguide
guides the microwaves to the sample.
Furthermore, we do some experiments of two important parameters
for didactic purposes: the phase and the amplitude of the field modula-
tion. As explained in the Theory chapter, in EPR we modulate the field
to increase the sensitivity of the spectrometer. First, we will describe the
experiment where the effect of the phase between the modulated signal at
the lock-in detector and the original signal is measured. We measured a
solution of 0.125 mM Mn2+, dissolved in an acetate buffer (0.18 mM acetic
acid) with a pH of 3.55. The phase changes the shape of the spectrum and,
most importantly, the intensity of the signal. We follow the change of the
22
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(a) (b)
Figure 3.3: Calibration measurement of the phase in J-band of Mn2+. In (a) the
spectra of the different phases are shown. In (b) the phase vs intensity curve is
given with a sinusoidal fit.
manganese peak at 9.85 T at room temperature. The spectra (a) and the
phase vs intensity curve (b) are shown in Figure 3.3. In Figure 3.3 (b) it
is clear that when we add 180◦ to the optimized phase (−42◦), where we
measure the maximum intensity, the intensity changes sign. Moreover,
when we add 90◦ to the optimized phase, we do not see a signal anymore.
From this we can conclude that the phase vs intensity curve behaves like
a sinus function, which is what we expect.
Figure 3.4: Measurement of the field modulation in J-band of Mn2+. In the x-axis
the modulation (Bm), in the y-axis the peak-to-peak linewidth (Bpp) is given. Both
axes are normalized to the peak-to-peak linewidth at no modulation (Bm → 0)
to compare the measured values with the literature ones [9]. The peak-to-peak
linewidth is chosen to be the measured value with the lowest modulation ampli-
tude.
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We also measured the change of the peak-to-peak linewidth and the
peak-to-peak intensity at different field modulation amplitudes. We mea-
sured the same manganese peak as in the phase measurement. Every
manganese peak has a certain peak-to-peak linewidth. If the modula-
tion is bigger than one third of the peak-to-peak linewidth of the signal,
one is overmodulating. This means that the signal becomes broader and
becomes linearly proportional to the width of the modulation, which is
what we tested in Figure 3.4. At a higher modulation the peak-to-peak
linewidth becomes linear with the modulation. Our measured values fol-
low the literature values [9], which means that we know from where we
start overmodulating. We also measured the change of the peak-to-peak
intensity of the spectrum by overmodulation. In Figure 3.5 the spectra of
modulation vs the peak-to-peak linewidth and the peak-to-peak intensity
are shown.
Figure 3.5: Measurement of the modulation in J-band of Mn2+. The black squares
are the peak-to-peak linewidth at different modulations, the open circles are the
peak-to-peak intensity at different modulations.
From Figures 3.4 and 3.5 it is clearly seen that at a modulation higher
than about 0.1 mT, we start overmodulating. The peak-to-peak linewidth
is not a constant value, but becomes linear with the modulation, further-
more, the peak-to-peak intensity is not linear. Both lines behave exactly as
we expected, in this way we know where we start overmodulating.
24
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Results and Discussion
In this chapter we will present the results of the Temperature-Cycle exper-
iments. We want to find out whether our new technique, Temperature-
Cycle EPR, is suitable to follow the kinetics of chemical reactions in EPR.
First of all, we determine the temperature difference we can reach when
we apply the laser. With this information we can measure the kinetics of
well-known reactions. Secondly, we study three reactions: the reduction
of copper sulfate (CuSO4) by syringic acid, the reduction of manganese
dioxide (MnO2) by oxalic acid, and the reduction of TEMPOL by ascorbic
acid. These three reactions can be followed in EPR, since Cu2+ in CuSO4
is a paramagnetic transition-metal ion, and Mn2+ which results from the
MnO2 : oxalic acid reaction is a paramagnetic transition-metal ion, and
TEMPOL is an organic radical. All the reactions can be followed with UV-
Vis spectroscopy too, such that the results of the Temperature-Cycle mea-
surements performed in EPR can be compared with the kinetics obtained
via UV-Vis.
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4.1 Temperature calibration
In the Temperature-Cycle method we apply laser pulses to warm up the
sample from the preparation temperature to the reaction temperature. There-
fore, it is important to know which temperature is reached by applying
the laser. For this calibration measurement we use 2 mM TEMPONE, dis-
solved in a 50% volume mixture of water and glycerol. TEMPONE is a
Figure 4.1: The molecular
structure of the nitroxide
radical TEMPONE
nitroxide radical and its molecular structure is
given in Figure 4.1. A temperature change
causes the viscosity of the solvent to change,
whereby the rotational correlation time of the
molecule will change. The rotational correla-
tion time is the time it takes a molecule to ro-
tate by one radian. Because of the different
speeds at which the molecule rotates, the spec-
tra will have a different shape, which is help-
ful for a temperature calibration measurement.
The temperature of the sample can be estimated
based on its shape. We do this measurement in
Figure 4.2: Temperature calibration measurement in J-band of 2 mM TEMPONE
in water-glycerol (1:1). The starting temperature is −30◦C and from this temper-
ature different laser powers in steps of 0.5 W up to 3.5 W are applied with a 1550
nm laser. To normalize the spectra, the highest intensity of a curve is normalized
to +1 and the lowest to −1.
26
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Figure 4.3: Temperature measurements of TEMPONE in water-glycerol (50% vol-
ume) in J-band. The black lines are measured values, the red lines are simulated
[10].
J-band and our starting temperature is −30◦C. From this temperature we
apply different laser powers in steps of 0.5 W up to 3.5 W with a 1550
nm laser. While the laser is on, the spectra, which are shown in Figure
4.2, are measured. The spectrum at low temperature, the upper one in
Figure 4.2, is in the rigid-limit regime, which means that the molecules
cannot rotate and therefore the spectrum looks anisotropic. We see the
g-anisotropy and in the gz peak we resolve hyperfine splitting, which we
cannot see in gx and gy, because the linewidth is longer than the hyperfine.
This spectrum is comparable with the simulation in Figure 2.6 (e). At the
strongest power, the molecules are in the fast-motion regime, which means
that the molecules are rotating so fast that the spectrum looks isotropic. In
this spectrum, which is comparable to the simulation in Figure 2.4, we
observe an isotropic effective g and the isotropic component of A. There-
fore, we only see the hyperfine splitting. Between these two limits, the
spectrum is in the slow-motion regime, namely the intermediate situation
between the anisotropic and the isotropic case. We compare our measure-
ments with a temperature calibration by Azarkh and Groenen [10], whose
results are shown in Figure 4.3. We can determine the temperatures of our
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sample where different laser powers are applied, by comparing our mea-
surements with the literature. For example, the spectrum where no laser
power is applied is measured at−30◦C and in Azarkh’s results the spectra
at−30◦ is similar. In the same way we can conclude that when we apply a
laser power of 2.0 W from−30◦C (green line in Figure 4.2) we reach a tem-
perature of roughly 0◦C, since the spectra are comparable. When we apply
the strongest power of the laser (3.5 W), starting from −30◦, the spectrum
has a shape above 20◦C and below 30◦C which means that we achieve a
temperature difference between 50 and 60 degrees with this laser power.
If for example the reaction temperature is room temperature (25◦C), we
should set the preparation temperature to −30◦C.
28
Version of August 11, 2016– Created August 11, 2016 - 15:19
4.2 Temperature-Cycle tested by several reactions 29
4.2 Temperature-Cycle tested by several reactions
To test the Temperature-Cycle technique, we follow three reactions, which
will be described in the following subsections. The three reactions can
be followed by EPR and by UV-Vis spectroscopy. We will use the UV-Vis
measurements as a reference for the Temperature-Cycle experiments in
EPR. Another advantage of UV-Vis is that different ratios of the reactants
of the same reaction can be measured quickly. In this way the preferable
timescale of a reaction can be found quickly. First, we follow the kinet-
ics of a reaction in UV-Vis and secondly, we study the reactions with the
Temperature-Cycle technique in EPR. We study the following reactions:
the reduction of copper sulfate by syringic acid (Subsection 4.2.1), the re-
duction of manganese dioxide by oxalic acid (Subsection 4.2.2) and the
reduction of TEMPOL by ascorbic acid (Subsection 4.2.3).
4.2.1 Reduction of copper sulfate by syringic acid
In this reaction, copper sulfate (CuSO4), which has Cu2+ metal ions, reacts
with syringic acid, whereby Cu+ metal ions are formed. We can measure
this change with UV-Vis spectroscopy and in EPR. Cu+ is not stable in
aqueous solutions, therefore we trap these metal ions with neocuproine
[11]. Two neocuproine molecules complex one Cu+, as shown in Figure
4.4. This is also an advantage for us, since the complex [Neocuproine -
Cu+] can be followed with UV-Vis.
Figure 4.4: To detect Cu+ metal ions from the reaction we use neocuproine. Two
neocuproine molecules enclose Cu+. ”Me” stands for a methyl group.
In Figure 4.5, the spectra of 4 mM CuSO4 of 2 mM syringic acid with 40
mM neocuproine, and of the mixture after the reaction, all measured in
UV-Vis, are given. Everything is dissolved in milliQ water. We follow the
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Figure 4.5: Absorption spectra in UV-Vis of 4 mM CuSO4, 2 mM syringic acid
with 40 mM neocuproine, and the mixture after the reaction at room tempera-
ture, all dissolved in milliQ water. At 454 nm the complex [neocuproine - Cu+]
has a signal in the UV-Vis, during the reaction the absorption at this wavelength
increases since the complex [Neocuproine - Cu+], is formed.
kinetics of this reaction at 454 nm since at this wavelength the complex
[Neocuproine - Cu+] has a peak in the UV-Vis [11]. During the reaction
this peak increases, which can be seen in Figure 4.6. We follow this re-
action at room temperature with three different concentrations of copper
sulfate to see how the reaction time changes. The horizontal line at the
Figure 4.6: Kinetics of the reduction of CuSO4 by syringic acid at 454 nm at room
temperature. During the reaction the complex [Neocuproine - Cu+] is formed,
therefore the absorption increases. To get a broad view of the kinetics we mea-
sured the reaction for three different concentrations of copper sulfate. The ratios
CuSO4 to syringic acid are 2:1, 4:1 and 8:1, whereby the concentration of syringic
acid is always 1 mM. The black horizontal line is the absorption of only Cu2+.
30
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bottom is the absorption of CuSO4 with no syringic acid, here we measure
only the absorption of Cu2+. During the reaction Cu+ is formed. The com-
plex [Neocuproine - Cu+] has an absorption signal at 454 nm, therefore
this peak increases during the reaction. Unfortunately, we miss the initial
stage of the reaction, due to the time it takes to mix the reactants, shake,
and put them in the UV-Vis spectrometer. This dead time is roughly 5 sec-
onds. Since the CuSO4 : syringic acid reaction is fast, we cannot give a
meaningful conclusion of Figure 4.6. However, it seems that the reaction
with a higher concentration of CuSO4 is faster than the reaction with a
lower concentration of CuSO4.
Remarkably, the absorption of the sample with concentrations 8:1 is
lower than the absorption of the sample with concentrations 2:1. We ex-
pect the absorption levels to be the same for the three reactions since in
the reaction the stoichiometric ratio of CuSO4 to syringic acid is 2:1. When
one adds only more CuSO4, it is not the case that more CuSO4 will react to
Cu+, since the concentration of syringic acid is kept the same. Neverthe-
less we measured different absorption levels in Figure 4.6. This could be
caused by the forming of the complex [Neocuproine - Cu+].
Next, we follow the reaction in EPR. Cu2+ has a spin of 12 , while Cu
+
has no spin. During the reaction we expect that the EPR signal decreases.
We start measuring only copper sulfate to find the measurement temper-
ature, since it is known from literature that Cu2+ is difficult to see at high
temperatures. We dissolve 2 mM CuSO4 in milliQ water and measure its
Figure 4.7: Measurements of 2 mM CuSO4 in milliQ water at 233 K, 100 K and
20 K. CuSO4 gives a good signal at low temperatures, which is not convenient to
test the Temperature-Cycle technique.
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EPR spectrum at 233 K, where we observe a signal with a low signal-to-
noise ratio. Measuring at 100 K leads to a better signal, but still the signal-
to-noise ratio is bad. Finally, we measure at 20 K where we detect a good
signal. In Figure 4.7 the three EPR spectra are shown. However, 20 K is
a low temperature and since the measurement temperature is not equal
to the preparation temperature, we have to wait within the measurements
for the temperature to stabilize.
To conclude, this is not a handy reaction to test the Temperature-Cycle
technique, since the measurement temperature and the preparation tem-
perature are too far from each other, which requires a long time for tem-
perature stabilization. However, because of the kinetic curves observed
in UV-Vis, this reaction remains a good option to test the full capability
of the Temperature-Cycle technique, i.e., with measurement temperatures
different from preparation temperatures.
32
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4.2.2 Reduction of manganese dioxide by oxalic acid
The second reaction we study is the reduction of manganese dioxide (MnO2)
by oxalic acid. MnO2, which contains Mn4+ ions, reacts with oxalic acid
(C2H2O4) and Mn2+ ions are generated. The overall reaction scheme [12]
is shown below:
MnO2 + C2H2O4 + 2H+ → Mn2+ + 2CO2 + 2H2O
This reaction can be followed with UV-Vis spectroscopy since MnO2 ab-
sorbs at 340 nm and Mn2+ is colorless. In Figure 4.8 (a) the absorption
spectra of 0.125 mM MnO2 and 1.25 mM oxalic acid are shown, as well
as the Mn2+ metal ions after the reaction. We dissolve everything in an
acetate buffer with a pH of 3.55 and measure the spectra at room tempera-
ture. Because MnO2 has a high absorption at 339 nm, we follow the kinet-
ics of the reaction at this wavelength. The kinetics, measured at room tem-
perature, is shown in Figure 4.8 (b). This time we start the measurement
before adding the second reactant. The data before the reaction starts, are
not shown here. From the curve in Figure 4.8 (b) we can see that the char-
acteristic time of the reaction is 114 seconds.
(a) (b)
Figure 4.8: In Figure (a) the absorption spectra in UV-Vis of 0.125 mM MnO2,
1.25 mM oxalic acid and the mixture after the reaction, dissolved in acetate buffer
(0.18 mM acetic acid) with a pH of 3.55, at room temperature is shown. At 339
nm MnO2 has a signal in the UV-Vis, during the reaction the absorption at this
wavelength decreases since Mn2+ is formed. The kinetics at room temperature is
shown in Figure (b).
We also follow this reaction in EPR. Mn4+ has a spin of 32 but does not
give an EPR signal, whereas Mn2+ has a spin of 52 and does give an EPR
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Figure 4.9: Splitting of the energy states of a single electron by the hyperfine
splitting of Mn2+, the nuclear Zeeman Effect is neglected. We can only see the
transitions between the Ms = + 12 state and the Ms = − 12 state, therefore six
transitions for Mn2+. are detected.
signal, therefore we can measure a difference in EPR during the reaction.
Since Mn2+ has a spin of 52 , the energy states split into six energy states
−52 ,−32 ,−12 ,+12 ,+32 , and +52 . However, we only observe the transition be-
tween the Ms = −12 state and the Ms = +12 . The nuclear spin of Mn2+ is 52 ,
in this way we get a splitting in 12 states where we have six transitions. In
Figure 4.9 the splitting of the energy levels by hyperfine splitting is shown,
which goes similar as in Figure 2.3. Note that in contrast to Figure 2.3 we
now do not take into account the Nuclear Zeeman Effect. A spectrum
of Mn2+ after the reduction of 0.125 mM MnO2 by 1.25 mM oxalic acid,
dissolved in acetate buffer, is shown in Figure 4.10. During the reaction in
EPR, we see the manganese peaks growing because Mn2+ forms.
We follow the growth of the manganese peak at 9.822 T with Temperature-
Cycle and the resulting curve is shown in Figure 4.11. Our measure-
ment and preparation temperature are the same, because the EPR signal
of Mn2+ can be observed at −30◦C. This is a huge advantage, since we
do not have to wait for temperature stabilization during the scans for this
reaction. Our preparation temperature is thus −30◦C, which means that
our reaction temperature is room temperature if we apply a laser power
of 3.5 W. In this way we expect to follow the reaction in UV-Vis and EPR
at about the same temperature. We see an increase of the signal during
the reaction, which means that we see the reaction going on. Note that in
UV-Vis we follow the decrease of MnO2, Figure 4.8 (b), and in EPR we fol-
34
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Figure 4.10: EPR spectrum of Mn2+ after the reduction of 0.125 mM MnO2 by
1.25 mM oxalic acid in acetate buffer (0.18 mM acetate acid) with pH 3.55, mea-
sured at room temperature. Since Mn2+ has an isotropic g and an isotropic A, the
spectrum is isotropic. We see six peaks because of the hyperfine splitting.
low the growth of Mn2+. That is why we measured two different curves.
Moreover, the characteristic time of the reaction followed by Temperature-
Cycle (500 seconds), deviates from the characteristic time of the reaction
followed by UV-Vis (114 seconds). The fact that we have been able to
follow a reaction in EPR with the new technique we are developing, is
promising.
Figure 4.11: Kinetics of the MnO2 : oxalic acid reaction obtained by the
Temperature-Cycle technique. 0.125 mM MnO2 reacts with 1.25 mM oxalic acid
and Mn2+ ions forms. Everything is dissolved in acetate buffer with pH 3.55. We
follow the manganese peak at 9.822 T by the Temperature-Cycle technique. The
measurement temperature is -30◦ C. We see a kinetic curve, which suggests that
the technique works.
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A possible reason why the characteristic time from the EPR curve and
the characteristic time from the UV-Vis curve are not the same, might be
a difference in reaction temperature in UV-Vi compared to EPR. In UV-Vis
we know that our reaction temperature is 22◦C, but with the Temperature-
Cycle technique we do not know the exact reaction temperature, since we
warm our sample with laser radiation and we do not know the exact tem-
perature difference. In Section 4.1 we described a temperature calibration
of TEMPONE in a mixture of water-glycerol. However, in the reaction of
manganese : oxalic acid, the solvent is water only. We cannot conclude
that the temperature difference is roughly 50◦C, like we do for a mixture
of water-glycerol. Furthermore, the manganese peaks do not change with
temperature, like TEMPOL, so we cannot determine the temperature from
the shape of the spectrum. Finally, we found that during the reaction the
fiber of the laser was moving. If the fiber moves, the sample receives more
or less power from the laser and therefore the absorption of 1550 nm by
water, as explained in the introduction, varies. When the temperature dif-
ference is smaller, we achieve a lower reaction temperature and as a result
the characteristic time is longer.
4.2.3 Reduction of TEMPOL by ascorbic acid
The last reaction we study is the reduction of TEMPOL by ascorbic acid.
TEMPOL is a nitroxide radical, like TEMPONE (Figure 4.1), but it has an
alcohol group instead of a ketone group. In Figure 4.12 on the left the
molecular structure of TEMPOL is shown, on the right the molecular struc-
ture of L-ascorbic acid is given.
Figure 4.12: On the left the molecular structure of the nitroxide radical TEMPOL
is given, on the right the molecular structure of L-ascorbic acid.
In Figure 4.13, the two steps of the reaction are shown. In the first step
TEMPOL takes a hydrogen atom from ascorbic acid and is turned into its
36
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Figure 4.13: Schematic sketch of the reduction of TEMPOL by ascorbic acid. The
reaction goes in two steps whereby the intermediate semi-dehydroascorbate is
formed.
reduced form, which is called hydroxylamine. Therefore, ascorbic acid
changes to an intermediate radical, called semi-dehydroascorbate. This
radical reacts with another TEMPOL molecule in the second step. Again
here hydroxylamine is formed since TEMPOL takes a hydrogen atom from
semi-dehydroascorbate. The TEMPOL radical is turned into its reduced
diamagnetic form, so the EPR signal decreases during the reaction. Com-
paring the kinetics obtained through EPR with UV-Vis data and literature
helps to validate our method.
Figure 4.14: Absorption spectra in UV-Vis of 2 mM TEMPOL, of 16 mM ascorbic
acid, and of the mixture after the reaction, dissolved in water-glycerol (1:1) at
room temperature. At 430 nm TEMPOL has a signal in the UV-Vis, during the
reaction the absorption at this wavelength decreases since TEMPOL reacts with
ascorbic acid.
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First we follow the reaction with UV-Vis spectroscopy. We are able to
do this, since TEMPOL has a peak in the UV-Vis at 430 nm. In Figure
4.14 the spectra of 2 mM TEMPOL, of 16 mM ascorbic acid, and of the re-
duced TEMPOL after the reaction are shown. We dissolve everything in
a mixture of water-glycerol (1:1) and measure the spectra at room temper-
ature. We follow the decrease of the absorption peak of TEMPOL during
the reaction. To get an idea of how the reaction evolves, we follow the
reaction with several concentrations of ascorbic acid. We want to follow a
reaction which is complete after roughly 100 seconds, since this is a suit-
able timescale for our tests. If the reaction is too short, we cannot properly
follow it since we currently have a limited time resolution of 0.5 seconds.
In Figure 4.15 the kinetics of the reaction TEMPOL : ascorbic acid with
several concentration ratios are given. In all the measurements the con-
Figure 4.15: Kinetics of the reduction of TEMPOL by ascorbic acid measured in an
UV-Vis spectrometer at room temperature at 430 nm. Here several concentrations
of ascorbic acid are measured. Also in this figure it is clearly seen that when the
concentration of ascorbic acid is higher, the reaction evolves faster.
centration of TEMPOL is 2 mM, only the concentration of ascorbic acid is
changed. We start the measurements before adding the second reactant.
In this way we do not miss the begin of the reaction. The data before reac-
tion starts, are not shown here. The reaction with ratio 2:1 mM is too slow
since the reaction is not finished after 500 seconds and its characteristic
time is roughly 75 seconds. Note that a higher concentration of ascorbic
acid corresponds to a faster reaction. The reaction with ratio 2:80 mM has a
characteristic time of 30 seconds. If we want to follow a reaction for about
100 seconds, this is a suitable ratio of the two reactants.
38
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We also follow this reaction in EPR: TEMPOL is a nitroxide radical and
therefore gives an EPR signal. During the reaction TEMPOL is reduced
to its diamagnetic form, so the EPR signal decreases during the reaction.
The spectrum of 2 mM TEMPOL, dissolved in a 50% volume mixture of
water-glycerol, measured in J-Band at 243 K is given in Figure 4.16. This
Figure 4.16: EPR spectrum in J-band of 2 mM TEMPOL, dissolved in water-
glycerol (1:1), measured at 243 K. This spectrum is similar to Figure 2.6 (e).
spectrum is comparable with the simulation of a nitroxide radical in Fig-
ure 2.6 (e). We follow the reduction of 2 mM TEMPOL by 1 mM ascorbic
acid, both dissolved in water-glycerol (1:1), which is shown in Figure 4.17.
Also in this reaction our measurement and preparation temperature are
the same, because TEMPOL gives an EPR signal at −30◦C. If we apply a
laser power of 3.5 W we reach room temperature, which we want to be our
reaction temperature. The reaction of TEMPOL : ascorbic acid, measured
with Temperature-Cycle has a characteristic time of 180 seconds, which
can be seen in Figure 4.17 (a). The characteristic time of the reaction, fol-
lowed with UV-Vis spectroscopy, Figure 4.17 (b), is 75 seconds.
Also in this reaction the characteristic times are not the same. The
characteristic time of the reaction followed by the Temperature-Cycle tech-
nique is in both reactions (manganese : oxalic acid and TEMPOL : ascor-
bic acid) higher than the characteristic time of the reaction followed by
UV-Vis. A possible reason for a different characteristic time of the TEM-
POL : ascorbic acid reaction might be that we do not know the exact reac-
tion temperature. From the temperature calibration, described in section
4.1, there is an uncertainty of roughly 5◦ of what the achieved tempera-
ture is. This uncertainty could influence the reaction rate. Another reason
might be that the measurement temperature (−30◦C) is close to the freez-
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(a) (b)
Figure 4.17: Kinetics of the reduction of 2 mM TEMPOL by 1 mM ascorbic acid
in water-glycerol (1:1) obtained by the Temperature-Cycle technique (a) and as a
comparison with UV-Vis spectroscopy (b). With the Temperature-Cycle technique
the decrease of the middle peak in Figure 4.16 (the peak at 9.82 T) is followed. The
measurement temperature is -30◦ C. The curves are comparable, which suggests
that our technique works. Both reactions take place at room temperature
ing point of a 50% volume water-glycerol mixture, which is −28◦C. This
suggests that the mixture is not completely solid at -30◦ C, there could be
some liquid parts. However, this would cause a faster reaction rate, which
is not the case here. Furthermore, we have an unexplained observation
that needs more attention in the future: the signal of TEMPOL does not go
to zero after the reaction, it is still observable.
40
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Conclusion
We are developing a new technique, called Temperature-Cycle EPR, to fol-
low the kinetics of a reaction. We apply infrared laser pulses for a con-
trolled time to the sample that warms up to a temperature at which it can
react for a controlled time. Our final goal would be to study for example
the kinetics of enzymes and to detect intermediates. First, to test whether
our technique works, test it with three simple reactions. All reactions can
be followed by both EPR and by UV-Vis spectroscopy, so we have a refer-
ence to see if our technique works. The three reactions we have followed
are: the reduction of copper sulfate (CuSO4) by syringic acid, the reduc-
tion of manganese dioxide (MnO2) by oxalic acid and the reduction of
TEMPOL by ascorbic acid.
The reduction of copper sulfate by syringic acid is not convenient to
follow in EPR since copper gives a proper signal only at low temperature:
20 K. It will take much time to follow the reaction because of temperature
stabilization. The other two reactions can be followed at −30◦C, which is
convenient since the preparation temperature and the measurement tem-
perature are equal and the reaction takes place at room temperature, when
applying a laser pulse of 3.5 W. We measured that in both reactions the
characteristic time of the reaction, measured with the Temperature-Cycle
technique, is higher than the characteristic time of the reactions followed
with UV-Vis spectroscopy. A reason for this might be that the reaction
temperatures are not the same. In UV-Vis we know that the reaction tem-
perature is 22◦C, but in EPR we do not know the precise temperature. We
warm up the sample by an infrared laser pulse, as explained in section
4.1, but we have an uncertainty of roughly 5◦, which could influence the
reaction rate. Furthermore, in the TEMPOL : ascorbate reaction the signal
of TEMPOL does not go to zero after the reaction, it is still observable.
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To conclude, we tested several reactions at different time scales and the
Temperature-Cycle technique seems to work. However, the characteristic
times are different, be it in the same range, a difference of a factor 4, which
is a promising result. In the future we will improve our technique.
42
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